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ABSTRACT waveguide [5]. In the present technique, the reflection

The techniques that are presently available for and transmission cdéfients of the rectangular
the measurement of complex permittivities of dielectric waveguide loaded with a layered sample are measured
substrates are only applicable to single layer substratesusing a network analyzeiThe problem geometry is then
This paper presents a new technique which uses thesimulated with a computeided design program, which
Finite Element Method (FEM) to estimate the complex also produces a FEM grid with tifent material param-
permittivities of individual layers from the measurement eters assigned to each layer of the sample. The reflection
of the S-parameters of a rectangular waveguide holdingand transmission cdéfients as functions of permittivity
a multilayer dielectric substrate sample. In this method,are computed using FEM. The Newton-Raphson
a network analyzer is used to measure reflection andMethod is used to determine the values of permittivity
transmission coétients of a rectangular waveguide for which the measured and calculated reflection and
loaded with a layered sample. Using FEM, the reflection transmission coefficients match.
and transmission cd#fients are determined as a func- Section 2.0 of this paper contains a discussion
tion of the complex permittivities of the multilayer sub- of the theory used to compute the reflection and transmis-
strate. Measured and calculated values of the reflectiorsion coeficients for given material parameters. Section
and transmission cdiéfients are then matched using the 3.0 describes the technique used to obtain the measured
Newton-Raphson Method to estimate the complex per-values of the S-parameters. In Section 4.0, computation

mittivities of the layers of the sample. of sample permittivities from S-parameter data is
Key words: Permittivity Measurements, Finite Element explained. In Section 5.0, results are presented. Section
Method 6.0 contains conclusions.
1.0 INTRODUCTION 2.0 THEORY (DIRECT PROBLEM)
For the design of multilayer microwave inte- In this section FEM will be used to determine

grated circuits it is necessary to know the complex per-the reflection and transmission digénts of a rectan-
mittivity of each individual layer of multilayer substrate gular transmission line loaded with a multilayer dielec-
material. Simple techniques to measure the dielectrictric material. Figure 1 shows a rectangular waveguide
constants of single layer substrate materials exist and aravith a layered dielectric sample. It is assumed that the
described in the literature [1] - [3]. These techniques waveguide is excited by a dominant ;gfEnode from

involve fabrication of microstrip lines using the material the left. The reflection coifient is measured at the
under test as a substrate. In [4], the dielectric constantgeference plane P and the transmission cdiefent is

of substrates have been determined using a slottedye55ured at the reference plane & shown in figure

wa_veguide_ into whic_:h the substrate samples are inserted&(a). For the purpose of analysis the problem is divided
This technique, which uses measured S-parameters and three regions: Region | (z < 0), Region 1K@ <

the characteristic equation for the dominant mode in theL), and Region Ill (z > 0).

guide to solve for the permittivity, requires the san_]ple to Using the waveguide vector modal func-
be place along the center of the waveguide. This tech-

nique is also valid for single layer substrates only tions, the transverse electromagnetic fields in the regions
In the method described in this paper | ono | are expressedas [6]

waveguide is used as a sample holder for the substrates | - yl0 z

under test. The single or multilayered samples may be E (xy,z) = éO(X, y)e

placed in any configuration in the guide. This technique

is an extension of one described previously, in which the *© N ] yI z

permittivity of a single layer sample was found by plac- + 2 a e (xy)e P (1)

ing an arbitrarily shaped sample at any position in a p=0 PP
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In deriving equations (1) - (4) it is assumed that 0

D (o]
only the dominant mode is incident on the interfage P _D_%[H z I” [J ép(x, y) ds% X
the a, are the amplitudes of reflected modes at the z = 0 O M, 0O D - P £ [0

plane, and the, are the amplitudes of transmitted modes

atthe z = L plane'; andy', appearing in equations (1) - é (%) dsD ©)
(4) are the charactenstlc admittance and propagation con overS

stant for thep" mode and are as defined in [6]. The

unknown complex modal amplitudes andc, may be

obtained in terms of the transverse electric field over the In order to solve equation (9), the volume
planesP, andP, as follows: enclosed by Region Il is discretized by using first-order

tetrahedral elements [7]. The electric field in a single
tetrahedron is represented as

%
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whereb,,, m=1, 2, 3,...6 are the six complex amplitudes
of electric field associated with the six edges of the tetra-

J.é overS, " Dds (7) =
2 hedron, and W, (X, y, 2 is the vector basis function
whereS,; andS, are the surface areas over the plaPgs associated with the mth edge of the tetrahedron. A
detailed derivation for the expression for

andP,.

obtained using the FEM formulation [7]. The vector equation (10) into equation (9), integration over the vol-

. S . . ume of one tetrahedron results in the element matrix
wave equation for th& field is given by

equation
o I [s ] | = (11)
et 0-Ble B = o (®) el bl =
Fy D where the entries of the element matrices are given by

Using the weak form of the vector wave equation and
some mathematical manipulation the equation (8) may be
written as
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These element matrices can be assembled over all the tet-

rahedral elements in the Region Il to obtain a global . .
matrix equation Figure 1. Geometry of rectangular waveguide
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The solution vector[tﬂ of the matrix equatiorf14) is
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3.0 MEASUREMENT SETUP
The rectangular waveguide measurement sys-
tem to measure the reflection dagént is shown in fig-
ure 2. Before the measurement, a full two-port calibration

Esrl*'derl’8 r1+de rl"c'r2-|rd£r2’8 r2er£

suchthat f, () ,f,(.) f5() ,and,(.)

using a standard waveguide calibration kit is done at theSimultaneously zero then we can write following

reference planes;Rind B. The reflection and transmis-
sion coeficients @' and ¢’ of the rectangular waveguide

matrix equation [10]

with a layered sample piece are then measured as func-_afl of, of, of, ]
tions of frequencyIf the sample piece occupied the entire
. . . v L v "
cross section of the waveguide and was a single,lager aEUs rlljlaﬁbla rlmallibh‘:rzmaﬁu8 r20
algorithm which uses the Nicholson-Rosfinique [8-9] of 0f2 afz afz
could be used to determine the complex permittivity of
; prex p y otde'  Uallde” Uoalle Ualde
the sample. Howevgthe algorithm which is based on the O rlo O rlo 0 r20 O r20d
Nicholson-Ross @chnique cannot be used when the sam- oy oty G oy
le piece occupies only part of the cross section of rectan-
pie p P yp otde'  Lolde" ~LUolde’ L aLde
gular waveguide, or for layered samples. When the |"O° rlO0 "0 rl0 0O r20 0O r20
dielectric sample is of arbitrary shape or layered the pro- 3f4 af4 af4 3f4
cedure described in next section is used
! o ! g
?EPErlmaEP£rlDaEPSrZDaEPErZQ
4.0 INVERSE PROBLEM
This section presents the computation of the - .
complex dielectric constant of a given sample piece from f, ()
the measurement of the reflection and transmission coef-
ficients. From the given geometry of the sample and its 3 f5(.)
position in rectangular waveguide the reflection ftoef £ ()
; ' " ' oL ieci 3\
cient aOEb €€t r20 and the transmission C0
- b e e [ ; L4V ]
coefflmentcogsrl, € €yt r20] are calculated using

a
rig

the FEM for assumedralues of %slrl’ g" and

of Ekrl'8 r1’8r2’S r20]
1 " D 1 1 .
%rz’ €' 0 If &, andC, are the measured reflection

and transmission cdéfients then the error in calculated
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From the solution of equation (21), new modified values
U are obtained as

(22)
(23)
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(25)

values of reflection and transmission do#énts are E@ L =g  +d¢
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are again calculated using the FEM procedurath W
] " ] n D — H _ ] .
fAHsrl,s (1 Er2 €ron imag(c,—c,)  (20)  the new value ofay(.) and Cy(.) computation

through equations (17) - (25) are repeated. The above
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procedure is repeated till required cormesrce is

, ds‘r25A3



and de" <A, where the A s are preselected small x-band was determined using the procedure described
_ _r2 _ _ here and is presented in figure 4 along with the manu-
quantities). The procedure described above will convergesacturers specification. The estimate of complex per-
to the true value of complex permittivity if the first choice mittivity for both samples agrees well with
of He &' g _ e Uis close to the true values of manufacturers specification.
ry - rl "r2 " rz2Q . .

To determine the permittivities of multilayer
substrate, a sample made frofyBuriod and Alumina
substrates is placed in a waveguide as shown in figure 5.
5.0 NUMERICAL RESULTS The reflection and transmission digénts due to pres-

For numerical results, samples made from R )
. . ’ . ..ence of such a sample in a x-band rectangular
Duriod 5500 and Alumina substrate materials are consid- P 9

. ) ) waveguide are then measured.  From these measure-
ered. D validate the present method, first single layer 9

complex permittivities.

substrate samples were constructed. AfDRriod sam-
ple of size (1.016 x 0.145 x 1.016 cm) was cut and placed
in a x-band rectangular waveguide as shown in figure 3. e 020
Using a Hewlett-Packard 8510 network analyzer the
reflection coefficientao' was measured over the x-band. ur 3‘
From the measured and estimated values of reflection X 8
. L . ) 0.145¢ 1.02cm
coeficients the complex permittivity was obtained and is —>
presented in figure 3 along with the manufactargpeci- ur 5o
2.29cm 1o
> L — 2
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Figure 4. Real and imaginary parts of complex
permittivity ofAlumina substrate over
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Figure 3. Real and imaginary parts of complex ments and following the procedure described in section
permittivity of RT/Duriod 5500 substrate o 4.0 the dielectric constants of two layers are estimated.
x-band. Manufacturer’s specification: The results of these calculations will be presented at the
g' =2.69," =0.0054 conference.
fied value. 6.0 CONCLUSIONS
For a sample constructed from Alumina sub- An FEM procedure in conjunction with the

strate material, the sample size and its placement in th&léwton-Raphson Method has been presented to deter-
x-band rectangular waveguide was the same as given ifinine complex permittivity of a dielectric substrate

figure 3. The estimate of its complex permittivity over the Mmaterial. The substrate sample is placed at the center of
an X-band waveguide and reflection and transmission



coeficients are measured using a Hewlett-Packard 8510
Network Analyzer For the same configuration of the x- [6]
band waveguide loaded with the sample piece, the reflec-
tion and transmission cdigiients are calculated using the
FEM as a function of complex dielectric constants. The[7]
Newton-Raphson Method is then used to determine the
complex dielectric constant by matching the calculated
values with the measured values. The computed values dB]
complex permittivity of R/Duriod and Alumina using

the FEM method are in good agreement with the manu-

facturer’s specifications.
[9]

[10]

RT/Duriod y Alumina

Rect.

Waveguide

Figure 5. Geometry used for measurements of
reflection and transmission coefficient
due to two layers substrate.
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